The Cia kinetic isotope effect in the pyrolysis of gaseous dimethylmercury has been studied in the presence and absence of cyclopentane inhibitor from 290-375°C for the inhibited and 290-350°C for the uninhibited reactions. The isotopic fractionation factor (S) is defined as the ratio of rate constants for the decomposition of Hg (Cl2H.) 2 vs CI2H3HgCI3Ha. S shows a strong dependence upon the degree of inhibition of the methyl radical chain, which, in turn, is a function of the ratio of cyclopentane to dimethylmercury. S is also a function of the total pressure.
INTRODUCTION
THE previous paper,! I, dealt with the kinetics of the pyrolysis of dimethylmercury (DMM) alone and in the presence of excess cyclopentane inhibitor. The results indicated the existence of a short methyl radical chain in the (uninhibited) decomposition. The present paper reports a concurrent study of the Cl3 kinetic isotope effect in the reaction.
The isotope effect may elucidate the mechanism as follows. For the various nonchain reaction schemes proposed in the literature it may be seen that the C13 content of the methane produced should reflect that of the methyl radicals formed in the initial Hg-C bond rupture. Thus any C12/C13 fractionation associated with the primary process should be evident in the CH 4 and should be independent of the presence of a methyl radical "sink" such as cyclopentane (or toluene). For a CH 3 chain mechanism, however, it is seen that the isotope effect will be reduced ("diluted") by an amount depending upon the chain length because of the isotopically nonspecific CH 3 radicals from the decomposition of the CH3HgCH2 radicals. 2 The present isotopic results have confirmed the basic features of the chain mechanism near 300°C.
In addition, the isotope effect has been evaluated in the fully inhibited, high-pressure limit. This value, the isotope rate factor, a, is shown to be the ratio of the unimolecular rate constants for the decomposition of Hg(CI2H3h VS CI2H3HgCI3H3. It may be expressed in terms of the so-called intramolecular and intermolecular isotope effects, which in turn may be estimated theoretically by means of the Bigeleisen equation, assuming certain simplified models of the transition state.
1M. E. Russell and R. B. Bernstein, J. Chern. Phys. 30, 607 (1959) , preceding paper.
2 See A. Maccoll and P. J. Thomas, J. Chern. Phys. 23, 1722 (1955 and Friedman, Bernstein, and Gunning, J. Chern. Phys. 23, 109, 1722 (1955 , for a somewhat similar situation in the ethyl bromide pyrolysis.
EXPERIMENTAL
The experimental procedures were outlined in 1. The mass spectrometer for isotopic assay was a Niertype double-beam isotope-ratio instrument modified 3 with a vibrating reed electrometer amplifier. Analyses were performed by alternating samples with tank CO2 and recording the ratio of the 45/44 peak ratios (tank vs sample) in the usual way. During every series of analyses a reference sample from the complete combustion of DMM was measured. The isotope fractionation factor 5 is defined (C12H 4 ) / (CI3~) 5=
(
where the isotope ratio in the methane is that of the CO2 from its quantitative combustion and N = atom fraction of C13 in the original DMM similarly obtained. Correction of 5 to zero extent of reaction was made using the standard logarithmic formula 4 5°= In(1-J)/ln(1-J/5), where J=fraction of substrate reacted. For J~ 0.1 (the usual case), the simplified form 4 was used: 5°-1= (5-1) (1+J/2). In the course of the present work the C13 content of various compounds of interest was determined relative to that of the standard tank CO2. Table I lists the ratio of C12/C13 in C~ from quantitative (±1o/c) combustion of the compound to that in the tank CO2. The large anomalous C12 enrichment (C13 deficiency) of the DMM is attributable to that of the CH3I used in its preparation; the origin of the anomaly in the isotopic composition of the CHaI is currently being investigated. As already noted, the values are obtained from consideration of the methane product. Similar but less extensive data were recorded for the C 2 -C 4 hydrocarbon fraction; values of So of approximately 1.015 were obtained.
RESULTS

A. Decomposition of DMM Alone
B. Decomposition of DMM with Cyc10pentane
For the cyclopentane-inhibited decompositionS the isotope effect was found to be a function of the ratio of DMM to cyclopentane (Q) and the total pressure. Figure 1 shows the dependence of So upon Q at 303°C, with an average initial total pressure (POt) of 293 mm Hg (within limits of ± 1Oo/r ).6 Further but less extensive data on the dependence of So upon Q at 290, 330, 360, and 375°C were obtained. The initial slopes of the So vs Q curves showed no apparent temperature dependence (within the rather large experimental uncertainty in the slope determinations). Figure 2 shows the dependence of So upon the total pressure at 360°C for Q= 0.17 ±0.01. The influence of the pressurizing gases (C02 and SF 6 ; pressure of DMM+C6HlO was ca 95 mm Hg for these experiments) on the isotope effect is apparent. The plot of SO vs reciprocal pressure facilitates extrapolation to the • It was shown [Ph.D. dissertation of M. E. Russell, University of Michigan (1958) available from University Microfilms, Ann Arbor, Michigan] by the tracer technique that essentially none of the carbon in the methane product originated from the cyciopentane, with >98% derived from the DMM decomposed.
• Not shewn on the graph are a number of points at higher values of Q (with correspondingly smaller values of SO) for which the total pressure was not comparable with the rest of the series. Figure 3 is a plot of a vs temperature. The half-width of a rectangle is the average deviation of the temperature (for a given set) while the half-height is the estimated probable error of the mean a.
DISCUSSION OF RESULTS
Comparison of the isotope fractionation data for the inhibited and the uninhibited decompositions (isotope effect of 3.4% vs 1.1o/c, respectively) leads to the same conclusion regarding the chain character of the pyrolysis as already derived (I) on the basis of the kinetic data. The isotope effect for the uninhibited decomposition is low as the result of the methyl radical chain, which may be suppressed by the addition of cyclopentane. 7 
4B
Assuming (1) complete inhibition (i.e., all CHs radicals abstract H from CSHIO to form CH4) , (2) rapid and quantitative decomposition of HgCHs radicals, (3) zero extent of reaction, and (4) tracer level of CIS in the DMM (e.g., 1.1 atom ~'lc; C13) , it may be shown readily that
5°=klA/(kIB+klC).
(1)
In the high-pressure limit 5° becomes a, which may thus be considered to be the ratio of the unimolecular rate constants for the decomposition of Hg(CI2H3)2 vs CI2HsHgCI3Hs. Using the usual nomenclature, the intramolecular isotope effect is defined as the ratio klC/klB and the intermolecular isotope effect as k lA /2k 1B . The intramolecular effect represents the relative probability of rupture of the Hg-CI2 vs the Hg-CI3 bond in a given molecule of CI2HsHgCI3H3; the intermolecular effect is the relative rupture probability for scission of the Hg-CI2 bond in a molecule of Hg(C12Hsh vs the Hg-CIS bond in a molecule of CI2HgCISH s .
For the derivation of the functional relation between 5° and Q in the case of incomplete inhibition, a more extensive set of equations is required. Assuming (in addition to assumptions 2, 3, and 4 above) that (5) the mechanism proposed in I is essentially correct, (6) the only isotopically specific step is the rupture of the Hg-C bond in DMM, and (7) radical-radical reactions are of negligible importance, the following are the relevant isotopic equations 
where (DMM) = total concentration of the (three) isotopic forms of dimethylmercury. Thus
Applying the usual steady-state treatment one solves for the ratio (CHs) / (C*Hs) and finds that, to a good approximation,
[ks(1-N) (DMM)+k4(CsHIO)]klA/kIBC+ksN(DMM) kaN(DMM) +k 4 (C s H10) +ks(1-N) (DMM)klA/kIBC (4)
Further simplification results in the expression,
where Q= (DMM)/(CsH10) and a'=klA/kIBC. Thus 5 0 =a', when Q=O. Then
For Qks/k4<O.1, (6) is closely approximated by
The similarity of Eq. (7) to the one relating the The observed positive curvature of the SO vs Q curve (Fig. 1) is satisfactorily explained by the hyperbolic form of Eq. (6); however, no attempt at quantitative treatment of data at high Q is warranted in view of the oversimplified reaction mechanism assumed in the present treatment.
is seen to be 0.7 ±0.2, which is in fortuitously good agreement with the result 0.7±0.2 obtained from the methane rate data reported in I. As noted earlier, no significant trend in ka/k4 with temperature was observed, confirming the previous estimate (I) of Ea-E4=0. The pressure effect on the isotope effect for a unimolecular decomposition is not unexpected.lO The magnitude of the effect observed (Fig. 2) is reasonable in view of the kinetic data (I) on the pressure effect. In the present study the primary concern was the extrapolation to 1/ POt=O to obtain the limiting highpressure value of the isotope effect for the unimolecular initial Hg-C bond rupture step.
It is of interest to compare the experimentally determined a (Table III and Fig. 3 ) with a theoretical estimate. Using the previous definitions of the intramolecular and intermolecular isotope effects, one obtains the relation,
where E=a-l, E'=klC/k1B-l, and E"=klA'/2k1B -l (in the nomenclature of the mechanism used for the fully inhibited case). To a good approximation Eq. (8) may be simplified: E=E"-E'/2. Assuming the intramolecular effect to be given by the Slater reduced mass factor ll (independent of temperature), one calculates E' = 0.038. By use of the simplified form 12 of the Bigeleisen equationll(b) for the intermolecular effect, E" = E' +0 (where 0 is the temperature dependent free energy function), one obtains
Using the simple "rigid model" approach (i.e., the only normal vibrational frequencies assumed to change in the transition state are those leading to decomposition) , and the two frequencies SIS and SSO cm-1 reported 13 for the Hg-C stretching motions, one estimates a value of 0=0.004 at 327°C, with a slight (normal) negative temperature dependence of the order of 10-5 (degree)-l. The resulting theoretically estimated value for the isotope effect is 2.3%, appreciably smaller than that (3.4o/c) deduced from the present experiments (Fig. 3) . The discrepancy may well be due to the simplifying assumptions made in the calculations. The kinetic data (I) suggest that the rate determining (and isotopically specific) step in the decomposition may not be the rupture of a single Hg-C bond but the simultaneous breaking of both Hg-C bonds. It is possible that a detailed theoretical calculation based on this model would yield better agreement with experi-13 H. S. Gutowsky, J. Chern. Phys. 17, 128 (1949) .
THE JOURNAL OF CHEMICAL PHYSICS ment. It must be noted, however, that the negligible temperature dependence observed for a precludes the adoption of a temperature dependent term 0 much larger than that used above; improvement in fitting the data would very likely be associated with an increase in the magnitude of the temperature-independent factor.14
